Two monkeys trained for Ͼ5 years to perform 12 finger and wrist movements had both a greater prevalence of motor cortex neurons with significant effects in spike-triggered averages and a greater ratio of synchrony effects to pure postspike effects than a monkey trained Ͻ1 year to perform six movements. By comparison, stimulus-triggered averages were generally similar in all three monkeys, indicating that the increased prevalence of synchrony in spike-triggered averages was a feature of voluntary motor system activity in the monkeys trained for a longer period of time. Synchronization among neurons with relatively direct connections to spinal ␣-motoneuron pools, including motor cortex neurons, may increase as a repertoire of skilled movements is acquired and practiced during long-term training.
As normal subjects train at skilled movement tasks over periods ranging from hours to years, use-dependent changes occur in the output of the primary motor cortex (M1) (Pascual-Leone et al., 1993 Karni et al., 1995; Classen et al., 1998; Plautz et al., 2000) . Underlying mechanisms may include long-term potentiation (LTP) of existing synapses (Aroniadou and Keller, 1995; Asanuma and Pavlides, 1997; Rioult-Pedotti et al., 1998) , decreases in intracortical inhibition (Jacobs and Donoghue, 1991; Ziemann et al., 2001) , and formation of new synaptic contacts (Kleim et al., 1996) . Although these mechanisms might be expected to increase discharge synchrony among neurons, synchronization has not previously been associated with motor skill training. Neuronal synchrony in M1 has been demonstrated in the pairwise cross-correlation of simultaneously recorded spike trains (Smith and Fetz, 1989; Riehle et al., 1997; Baker et al., 2001) , and rhythmic synchrony among ensembles of M1 neurons is indicated by local field potential oscillations, which may show coherence with oscillations in electromyographic (EMG) activity (Murthy and Fetz, 1996; Donoghue et al., 1998; Baker et al., 1999; Gross et al., 2000; Ohara et al., 2000) . Synchrony among neurons that provide input to a pool of spinal ␣-motoneurons also can be detected in the spike-triggered average (SpikeTA) of rectified EMG activity (Smith and Fetz, 1989; Flament et al., 1992; Baker and Lemon, 1998; McKiernan et al., 1998; Perlmutter et al., 1998) . Here, spike-triggered averaging revealed that long-term training at a large repertoire of skilled finger movements is associated with increased synchrony of M1 neurons.
MATERIALS AND METHODS
Animals and behavioral procedures. All care and use of these purposebred monkeys complied with United States Public Health Service Policy on Humane C are and Use of Laboratory Animals and was approved by the University Committee on Animal Resources at the University of Rochester. Each monkey was trained to perform visually cued individuated flexion and extension movements of the right-hand fingers and /or wrist (Schieber, 1991) . As the monkey sat in a primate chair, the right elbow was restrained in a molded cast, and the right hand was placed in a pistol-grip manipulandum that separated each finger into a different slot. At the end of each slot, the fingertip lay between two microswitches. By flexing or extending the digit a few millimeters, the monkey closed the ventral or dorsal switch, respectively. The manipulandum, in turn, was mounted on an axis that permitted flexion and extension wrist movement for monkeys C and G. Each monkey viewed a display on which each digit (and the wrist) was represented by a row of five light-emitting diodes (L EDs). When the monkey flexed or extended a digit, closing a microswitch, the central yellow L ED went out and a green L ED to the left or right, respectively, came on. Red L EDs to the far left or right were illuminated one at a time, under microprocessor control, instructing the monkey to close that one switch (or move the wrist). If the monkey closed the instructed switch within the 700 msec allowed after illumination of the red instruction L ED, and held it closed for a 500 msec final hold period without closing any other switches, he received a water reward. After each rewarded trial, the finger movement to be instructed for the next trial was rotated in a pseudorandom order. Whereas monkeys C and G performed all 12 individuated flexion and extension movements of the five digits and wrist, monkey A performed only six. With each movement denoted by the number of the instructed digit (1 ϭ thumb through 5 ϭ little finger; W ϭ wrist), and the first letter of the instructed direction (f, flexion; e, extension), monkey A performed instructed movements 1f, 2f, 3f, 4f, 2e, and 3e. Furthermore, monkey A's wrist was stabilized mechanically by locking the wrist axis.
Data collection and anal ysis. After training, conventional techniques were used to record single M1 neurons simultaneously with EMG activity from 8 to 16 muscles of the forearm and hand (bipolar fine-wire electrodes; amplification, 2000 -100,000ϫ; bandpass, 0.3-3 kHz; sampling, 4 kHz per channel) (McK iernan et al., 1998) as the monkey performed individuated finger movements. Using these recordings, SpikeTAs were formed for each EMG channel by averaging segments of rectified EMG activity from 30 msec before to 50 msec after each spike of the M1 neuron. As more segments are averaged, EMG activity that is not time-locked to the neuronal spike evens out toward a baseline, while EMG activity that is time-locked to the neuronal spike progressively accumulates, forming a facilitatory peak or suppression trough (Fetz and Cheney, 1980) . Additional recordings were made during the same sessions as single intracortical microstimulation (sIC MS) pulses (biphasic; 0.2 msec per phase; 5-20 A) were delivered through the microelectrode at interpulse intervals varying continuously between 60 and 80 msec (Park et al., 2001 ). Stimulus-triggered averages (StimulusTAs) were formed for each EMG in these recordings. Because the minimal latencies of StimulusTA effects represent the earliest effects M1 neurons can have on EMG activity, and because the interval between sIC MS pulses is generally too long to permit temporal summation from successive stimuli, StimulusTA effects provided an important comparison with SpikeTA effects. At many sites, sIC MS was delivered at 5, 10, and /or 20 A in two or three separate recordings. In such cases, the effects at each tested current intensity were included here for comparison with SpikeTA effects.
Significant effects in SpikeTAs and StimulusTAs were identified with multiple-fragment statistical analysis (Poliakov and Schieber, 1998) . This approach divides the spike (or stimulus) train into multiple fragments, forms a triggered average using the spikes (or stimuli) in each fragment, and subtracts the mean value of the average in a test window from the mean in immediately preceding and succeeding control windows. If this difference on average is significantly different from 0 across all of the fragments, the peak (or trough) in the test window is statistically significant. Because previous studies have shown that the peaks and troughs of postspike effects in SpikeTAs typically occur at latencies from 6 to 16 msec after the M1 neuron spike (Fetz and Cheney, 1980; Cheney and Fetz, 1985; Kasser and Cheney, 1985; Lemon et al., 1986; McK iernan et al., 1998) , statistically significant peaks (or troughs) were identified in that temporal window. Potentially significant effects occurring at other latencies were not examined in the present analysis.
Initial averages were formed using all spikes or sIC MS pulses. If any muscle showed a peak (or trough) still significant at the p Ͻ 0.05 level after Bonferroni correction for testing multiple EMG channels, the M1 neuron or sIC MS site was accepted as producing effects. Then every EMG in that recording with a peak (or trough) significant at p Ͻ 0.05 without correction was submitted to the following analysis. To eliminate contributions of sweeps containing only noise, a second, filtered average was formed, using spikes as triggers only if the rms value of the EMG from 30 msec before to 50 msec after the trigger was Ͼ0.05 V (i.e., greater than the typical noise level of 0.3-0.4 V) (McK iernan et al., 1998) . If the peak (or trough) in this filtered average remained significant at p Ͻ 0.05 (without Bonferroni correction), the effect was retained for additional analysis. Any baseline ramp in the filtered average was subtracted, and the filtered average was smoothed with a flat, five point, finite impulse response filter. When significant effects were identified in multiple muscles in the same recording, one of any pair of effects potentially resulting from cross-talk between EMG recordings was eliminated (Kasser and Cheney, 1985; Buys et al., 1986) . In the final data set, the EMG-filtered SpikeTAs had from 217 to 60,921 triggers [9734 Ϯ 8326 (mean Ϯ SD)]; StimulusTAs had from 120 to 4570 triggers (1249 Ϯ 971).
A computer algorithm performed the following computations for each SpikeTA or StimulusTA effect. The mean and SD were calculated over a baseline period from 30 to 10 msec before the trigger. The maximum value of the peak (or minimum of the trough) was identified, and the average was followed backward until it fell within 2 SD of the baseline mean. This time was defined as the onset, and its latency was corrected for the time from spike or stimulus onset to the trigger pulse used for averaging. One-half the height of the peak above (or trough below) the baseline mean was computed, and the width of the peak (or trough) at this level was measured as the peak width at half maximum (PW HM).
RESULTS
Three monkeys were studied as they performed visually cued individuated flexion and extension movements of the right-hand fingers and wrist after different periods of training (Fig. 1) . In monkey A, SpikeTAs from M1 neurons were obtained between 1 and 2 years after training began. This monkey performed only six relatively easy finger movements, with the wrist stabilized by external support, rendering the finger movements easier still. In monkeys C and G, SpikeTAs from M1 neurons were obtained between 5 and 6.5 years after training began. Monkeys C and G each performed 12 movements: flexion and extension of each finger and of the wrist. The wrist flexion/extension axis was continuously mobile as these monkeys performed the finger and wrist movements.
SpikeTAs were obtained for 166, 318, and 136 neurons in the M1 hand representation of monkeys A, C, and G, respectively. The number of M1 neurons with versus without a significant peak or trough for at least one muscle differed across monkeys (with: without, 27:139 in A, 159:159 in C, 53:83 in G; 2 test; p Ͻ 0.00001). Post hoc testing showed that neurons with such SpikeTA effects were significantly more frequent in monkeys C and G than in monkey A (A, 16.2%; C, 50.0%; G, 40.0%). Overall, 1649, 3561, and 2764 neuron-EMG pairs were tested for SpikeTA effects in monkeys A, C, and G, respectively. The number of neuron-EMG pairs with versus without significant effects also differed across monkeys (47:1602, 467:3094, and 212:2552 in monkeys A, C, and G, respectively, 2 test; p Ͻ 0.00001), with monkey A having the lowest percentage of neuron-EMG pairs with significant effects (A, 2.9%; C, 13.1%; G, 7.7%). Therefore, M1 neurons with SpikeTA effects as well as neuron -EMG pairs with effects were more prevalent in monkeys C and G than in monkey A.
SpikeTA effects showed a variety of temporal features (Fig. 2 , left column) that reflect the temporal features of the inputs arriving in the motoneuron pool of the recorded muscle (Smith and Fetz, 1989; Flament et al., 1992; Baker and Lemon, 1998; McKiernan et al., 1998; Perlmutter et al., 1998) . Pure postspike effects (Fig. 2a) had both (1) an onset latency after the trigger consistent with relatively direct connections from the recorded M1 neuron to the motoneuron pool, and (2) a narrow peak consistent with time-locked input to the motoneuron pool from only the recorded M1 neuron. Other peaks (Fig. 2b) had an onset latency consistent with relatively direct connections, but lasted too long to reflect input from only the M1 trigger neuron, indicating that additional synchronized inputs reached the motoneuron pool after those from the M1 neuron. Still other effects (Fig.  2c,d ) had onset latencies too early and peaks too wide to be caused by input from the M1 trigger neuron, indicating that inputs from other neurons arrived at the motoneuron pool nearly synchronously with (Ϯ several milliseconds) or even before the input from the M1 neuron. Finally, some peaks (Fig. 2e) consisted of a pure postspike effect riding on an underlying synchrony effect.
Onset latency and PWHM were measured for each significant peak or trough. Figure 3 shows scatter plots of PWHM versus onset latency for each significant effect in each of the three monkeys, A, C, and G. In all three monkeys, the majority of StimulusTA effects (Fig. 3, bottom row) had onset latency and PWHM appropriate for relatively direct inputs from stimulated M1 neurons. In monkey A, SpikeTA effects (Fig. 3, top row) showed a similar distribution, indicating that most SpikeTA effects in monkey A were relatively pure postspike effects. But in monkeys C and G, the majority of SpikeTA effects (Fig. 3, top  row) had an onset latency too early and/or a PWHM too wide to be pure postspike effects from the M1 trigger neuron, indicating that other neurons also providing inputs to the motoneuron pool discharged synchronously with the recorded M1 neuron.
No bimodal separation between pure and synchrony SpikeTA effects was evident in the present data. However, previous studies have shown that latencies from cortical stimulation to the onsets of StimulusTA effects are consistently Ͼ5 msec (Cheney and Fetz, 1985) , and a computer simulation has estimated that Ͻ5% of synchrony effects will have a PWHM of Ͻ9 msec (Baker and Lemon, 1998) . Similarly, the vast majority of the present StimulusTA effects had an onset latency of Ͼ5 msec and a PWHM of Ͻ9 msec. Therefore, these values were used here to define pure effects; effects not meeting both criteria were considered to include synchrony. Using these criteria, the ratio of pure to synchrony effects in StimulusTAs was 31:3 in monkey A, 255:50 in monkey C, and 243:57 in monkey G; the variation among monkeys was insignificant ( 2 test; p Ͼ 0.2). But for SpikeTAs, the ratio of pure to synchrony effects was 37:10 in monkey A, 225:242 in monkey C; and 47:165 in monkey G; here the variation among monkeys was highly significant ( 2 test; p Ͻ 0.00001). Moreover, comparing the ratio of pure to synchrony effects in SpikeTAs versus StimulusTAs in each monkey revealed no significant difference in monkey A ( 2 test; p Ͼ 0.1) but highly significant differences in monkeys C and G ( 2 test; p Ͻ 0.00001). In monkey A, the majority of SpikeTA effects thus were pure postspike effects, whereas in monkeys C and G, the majority of SpikeTA effects had features of synchrony.
The striking difference in the prevalence of synchrony SpikeTA effects observed in monkeys A, C, and G, in conjunction with the overt differences in their training, suggested that prolonged training at a large movement repertoire was associated with increased synchrony. If synchrony increased with practice, then synchrony might have continued to increase as the monkeys continued to practice finger movements over the months of data collection. Therefore, the number of days from recording the first to the last neuron producing SpikeTA effects in each monkey (vertical bars in Fig. 1 ) was divided in half, and the numbers of pure versus synchrony SpikeTA effects in the two halves were compared. Although no significant differences were found for individual monkeys (A, first half pure:synchrony 14:4, second half pure: synchrony 23:6; C, first half pure:synchrony 154:155, second half pure:synchrony 71:87; G, first half pure:synchrony 14:43, second half pure:synchrony 33:122), pooling data from all three monkeys revealed a significantly increased percentage of synchrony effects in the second half of the data collection periods (127:215; 63% synchrony) compared with the first half (182:202; 53% synchrony; 2 test; p Ͻ 0.01), supporting the notion that synchrony increased with practice.
Whereas most StimulusTA effects in all three monkeys had an onset latency of Ͼ5 msec and a PWHM of Ͻ9 msec (Fig. 2f ) , indicating relatively direct inputs to the recorded motoneuron pool from stimulated M1 neurons, a noteworthy minority in monkeys C and G differed. Some had a wide peak (Fig. 2g) , suggesting that the motoneuron pool received additional inputs from more indirectly (i.e., trans-synaptically) stimulated neurons, which might include both corticospinal and subcortical neurons. Other StimulusTA effects (Fig. 2h) had relatively late onsets and wide PWHMs. These were particularly common in monkey C, where they all consisted of late poststimulus suppression of EMG, with little or no preceding facilitation. Still other StimulusTA effects, found only in monkey G, had a narrow peak but a paradoxically early onset that preceded the stimulus time (Fig.  2i) . Such effects consistently showed a facilitation peak followed by long-lasting suppression (Ͼ50 msec after the sICMS pulse), with recovery from this suppression producing the paradoxically early onset. All three types of StimulusTA effects that suggested relatively long-lasting effects of sICMS pulses (Fig. 2g-i) were seen almost exclusively in monkeys C and G, further suggesting differences in the physiological connectivity of M1 in these two monkeys compared with monkey A.
DISCUSSION

Training and synchrony
Significant peaks and troughs 6 -16 msec after the spikes of M1 neurons were significantly more prevalent in the SpikeTAs of two monkeys trained for Ͼ5 years to perform 12 finger and wrist movements than in one monkey trained for Ͻ1 year to perform six finger movements. Furthermore, after long-term training the majority of SpikeTA effects were synchrony effects rather than pure postspike effects. The increased prevalence of effects, together with the predominance of synchrony, suggests that an increased number of M1 neurons produced synchrony effects in SpikeTAs after long-term training.
Although not associated with training, synchrony in SpikeTA effects has been observed with similar ranges of prevalence in previous studies. In monkeys performing a precision grip task, the ratio of pure to synchrony M1 neuron SpikeTA effects was 12:64 (16% synchrony effects) (Baker and Lemon, 1998) ; whereas in monkeys performing a reach and grasp task, the ratio was 198:275 (58% synchrony) (McKiernan et al., 1998) . During flexion/extension wrist movements, the pure:synchrony ratio for the SpikeTA effects of spinal interneurons was 161:108 (40% synchrony) (Perlmutter et al., 1998) , whereas for the SpikeTA effects of primary afferents, the ratio was 13:5 (28% synchrony) in one monkey but 18:56 (76% synchrony) in another (Flament et al., 1992) . Given that the training duration in these studies (not specifically reported) probably was not as long, nor the movement repertoires as large, as in the present study, synchrony may become prevalent in SpikeTA effects with shorter training periods and simpler repertoires than those of monkeys C and G. Indeed, whether synchrony increases during acquisition, practice, or overtraining at a motor skill remains uncertain.
In theory, the more prevalent synchrony observed in monkeys C and G could have resulted from higher M1 neuron discharge rates. If M1 neurons discharged at higher rates during finger movements, then more spikes would have occurred synchronously by chance alone. The average firing frequency of M1 neurons differed among monkeys (15, 23, and 20 Hz in A, C, and G, respectively; ANOVA; p Ͻ 0.00001), as did the average interspike interval (20, 29, and 25 msec; ANOVA; p Ͻ 0.00001), reflecting both lower tonic discharge and more intense bursting of M1 neurons in monkey A than in monkeys C and G. These small and offsetting differences in firing frequencies and interspike intervals, which also might have resulted from the longer training and more complex repertoire of monkeys C and G, seem unlikely to account for the large differences in the prevalence of synchrony SpikeTA effects, however.
All three of the present monkeys began training at ϳ1-2 years of age; therefore, monkeys C and G were ϳ4 years older than monkey A at the time of data collection. Maturation of the nervous system thus might have contributed to the differences between these older monkeys and monkey A. Most measures of corticospinal development in macaques reach adult values before 2 years of age (Galea and Darian-Smith, 1995; Armand et al., 1997; Olivier et al., 1997) , however, and even monkey A was at least 2 years old by the start of data collection. Although continuing intracortical development remains a potential contributing factor, maturation seems unlikely to account entirely for the greater prevalence of synchrony effects in monkeys C and G compared with monkey A.
Sources of synchrony
Synchrony effects can be observed in SpikeTAs even if the recorded neuron itself has no direct connections to motoneuron pools: the recorded neuron may simply discharge spikes synchronized with those of other neurons that do have connections to motoneurons (Baker and Lemon, 1998) . Nevertheless, M1 neurons with synchrony effects may have direct connections to motoneurons as well, as evidenced by observations of pure postspike effects riding on underlying synchrony effects. As the number of synchronous inputs to the motoneuron pool increases, the pure postspike effect of an M1 neuron may become immersed among the effects of synchronously discharging neurons on the same motoneuron pool.
Although much of the synchronization observed in the present study may have occurred among M1 neurons, synchronization also may have involved many other parts of the motor system. 
